Abstract: Several post-common envelope binaries have slightly increasing, decreasing or oscillating orbital periods. One of several possible explanations is light travel-time changes, caused by the binary centre-of-mass being perturbed by the gravitational pull of a third body. Further studies are necessary because it is not clear how a third body could have survived subdwarf progenitor mass-loss at the tip of the Red Giant Branch, or formed subsequently. Thirty-nine primary eclipse times for V470 Cam were secured with the Philip Wetton Telescope during the period 2016 November 25 th to 2017 January 27 th . Available eclipse timings suggest a brown dwarf tertiary having a mass of at least 0.0236 (40) M ⊙ , an elliptical orbit with an eccentricity of 0.376 (98) and an orbital period of 11.77(67) years about the binary centreof-mass. The mass and orbit suggest a hybrid formation, in which some ejected material from the subdwarf progenitor was accreted on to a precursor tertiary component, although additional observations would be needed to confirm this interpretation and investigate other possible origins for the binary orbital period change.
Introduction
Among the thirteen post-common envelope binaries (PCEBs) Zorotovic & Schreiber (2013) list as having a hot subdwarf, Lohr et al. (2014) identify nine HW Vir-type binaries bright enough to have archived SuperWASP (Pollacco et al. 2006) observations at a cadence suited to determinations of orbital period (Π) and its change rate (Π). In the cases of AA Dor and NSVS 07826147, Lohr et al. confirm constant Π; for HS 2231+2441, 2M 1938+4603 and NSVS 07826147 they find upper limits forΠ of 0.03, 0.01 and 0.0003 s yr −1 respectively. Only in the cases of HW Vir and ASAS J102322-3737 do Lohr et al. findΠ to be greater than its detection threshold (Π thresh ), convincingly suggesting |Π| > 0, for the first time in the case of ASAS J102322-3737. Although Lohr et al. find |Π| > 0 for the remaining objects (EC 10246-2707, NY Vir and NSVS 14256825), the result is not convincing since |Π| < Π thresh . An advantage gained in using a facility like Super-WASP lies in homogeneity of the data analysed, though the sample of PCEBs observed is too small to provide robust statistics. Lohr et al. (2015) determine Π andΠ for a general sample of 13927 eclipsing binaries using archived SuperWASP observations. Only in 2% of cases do Lohr et al. find Π to have a sinusoidal variation, suggesting third bodies in those systems; in 22% of cases they find Π to vary linearly and argue that this could be indicative of a longerterm sinusoidal Π variation caused by third bodies in systems. Taking the two numbers together, Lohr et al. propose a multiplicity of three or more for 24% of SuperWASP binaries, in good agreement with earlier determinations (Duchêne & Kraus 2013) for the fraction of multiple systems among binaries in general.
PCEB eclipse time variations are frequently (for example by Lee et al. 2009 ) interpreted as light travel-time changes, due to reflex motion of the binary centre-of-mass as a consequence of one or more orbiting bodies. But measurements ofΠ for PCEBs obtained over a time interval of the same order as a proposed Π can only tentatively identify an orbiting planet, brown dwarf or M dwarf. Further comments are given by Kilkenny (2014) . Applegate (1992) proposes an alternative explanation for eclipse timing variations as a gravitational coupling of a binary orbit to changes in the shape of a magnetically active star in the system. However, Völschow et al. (2016) conclude that an improved version of the "Applegate mechanism", which includes angular momentum exchange between a finite shell and the stellar core, cannot uniquely explain Π variations in the sixteen systems they consider. Zorotovic & Schreiber (2013) argue for additional observations to distinguish between the "Applegate mechanism" and post-common envelope planet formation. Kostov et al. (2016) and Veras et al. (2017) show that planets could survive a common envelope ejection, though distinguishing these from planets formed afterwards would require new techniques.
Resonant interactions between PCEBs and circumbinary disks could also explain ⃒ ⃒Π ⃒ ⃒ >Π thresh . Calculations by Chen & Podsiadlowski (2017) during a Northern Hemisphere winter, and bright enough (B = 14.1) to observe with a small telescope at a citycentre site, we obtained additional light-curves and times of primary eclipse discussed in this paper.
Observations and Data Reduction
Over 6000 images centred on V470 Cam were obtained with the Philip Wetton Telescope (PWT) on nineteen nights between 2016 November 25 th and 2017 January 27 th . A Johnson-V filter was used, and an exposure time of 60-s was adopted. Two to three primary eclipses were observed in a typical night. Data reduction was carried out with the Image Reduction and Analysis Facility in the usual way, applying bias and dark corrections to science and twilight flat-fields using the CCDRED package. Science frames were then corrected for pixel-to-pixel variation using normalised flat-fields. Magnitudes for V470 Cam and the adopted comparison star GSC22 0710387+665708 were measured in circular apertures using the DAOPHOT package, corresponding sky contributions being obtained from concentric annuli.
3 Results Figure 1 shows the light-curve obtained for V470 Cam by phasing all differentially corrected magnitudes using Dworetsky's (1983) string-length method. As is standard practice, a phase ϕ = 0 was adopted at primary minimum. A fit to the magnitude (m) in primary eclipse, shown as a red line in Figure 1 , was obtained using
an adaptation of the Beuermann et al. (2012) fitting function. Values obtained for fit parameters are listed in Table 1 where a is the primary eclipse depth, M 0 the magnitude at Figure 1 light-curve to give, using the Equation 1 fit to its primary eclipse, Barycentric Julian dates (BJD) of primary minima listed in the second column of Table 2 . For a light-curve based on thousands of magnitude measurements made within a short time interval, cross-correlation seemed to be superior to the commonly used Kwee & van Woerden (1956) method. Mikulášek et al. (2014) argue that the Kwee & van Woerden method yields accurate times of minima, but underestimates errors. The cross-correlation method compares entire light-curves, and does not require symmetry about minima.
Running eclipse numbers (N), listed in the left-hand column of Table 2 , were based on the Drechsel et al. (2001) ephemeris; our ephemeris T = 2451822.75857(24) + 0.0956466934(38)N (2) then followed from a linear least squares fit. Although the period agreed with the Drechsel et al. period within formal least squares error limits, epochs differ (in the sense Drechsel et al. -this paper) by 0.00198(24) days, which was interpreted as a consequence of known period changes. Errors in primary eclipse times evaluated by fitting Equation 1, and perturbing the cross-correlation determination, were 0.000096 days. Differences between observed (Table 2 -Column 2) and calculated (Drechsel et al. 2001) times of primary eclipse (O − C) are listed in the right-hand column of Table 2 and included with literature values in Figure 2 . With one notable exception, our subsequent analysis included all available times of primary eclipse from Table 2 and literature sources listed above. We retained the two eclipse timings Qian et al. (2009) discard. The exception was the eclipse N = 30149, not plotted in Figure 2 , as (O − C) = −0.0057 days. The absolute value of (O − C) for N = 30149 is 2.1 times larger than the maximum for an included eclipse timing (for N = 30150), but is an order of magnitude larger than typical values. Our replication of fits by Qian et al. (2009) and Qian et al. (2013) suggested that these authors also discard the N = 30149 eclipse, al-though we did not find this to be explicitly stated in either paper.
We followed Qian et al. (2013, their equations 2-5) by assuming (O − C) variations in Figure 2 to be attributable to a third body in the system and determined its orbital parameters using Kepler's Equation, expressing (O − C) in terms of the eccentric anomaly (E) and iteratively solving the resulting equation:
The derived fit is the red curve shown in Figure 2 ; the corresponding third-body orbital parameters listed in Table 3 were: ∆T 0 -epoch correction, ∆P 0 -period correction, A -amplitude of oscillation, e -orbital eccentricity, ω -longitude of periastron passage, Π 3 -orbital period and τ -time of periastron passage. For comparison, the Qian et al. fit was plotted in Figure 2 as a red dashed curve and the corresponding orbital parameters included in Table 3 as the second column; it predicts (O − C) ∼ −47(17)-s at the epoch of our observations whereas we obtained a mean of 64.60(13)-s from our fit, forcing a sign change in ∆T 0 and ∆P 0 (see Qian et al., their equation 3) and hence the appearance of a positive gradient in our fit plotted in Figure 2 . 2452127 (68) 2451296 (22) 4 Conclusion Niarchos et al. (2003) obtain M 1 = 0.49(15) M ⊙ and M 2 = 0.13(5) M ⊙ as masses for the V470 Cam eclipsing binary components; from these and orbital parameters for the tertiary component presented in Table 3 , its mass was determined to be M 3 sin i = 0.0236(40) M ⊙ , where i is the orbital inclination. It would therefore appear that any tertiary component would have to be a brown dwarf if it were to account for observed binary period changes. The obvious disparity between the two fits in Figure 2 demonstrated the crucial importance of long-term monitoring to obtain an improved understanding of PCEB eclipse time variations, as well as allowing for an analysis of possible second-order effects. Another issue is the deduced Π 3 in Table 3 which is more than half the time-interval (∼16.97 years) over which primary eclipse times have been obtained; fewer than two orbits of the suggested third-body have been observed and at least another decade of primary eclipse time measurements would be needed to clarify the origin of (O − C) variations plotted in in Figure 2 . An analysis by Sahlmann et al. (2015) suggests an astrometric detection of the V470 Cam hot subdwarf reflex motion, due to its eclipsing companion, will be made by GAIA. If so, a tertiary would also be astrometricaly detectable over the proposed lifetime of the GAIA mission.
The existence of a few PCEBs in which the secondary is a brown dwarf (Schaffenroth et al. 2015) suggests that these not only survive a common envelope phase of evolution but play an essential role in triggering it. In the case of V470 Cam, for a brown dwarf tertiary component to have survived a common envelope phase would have required an even larger orbital eccentricity and semi-major axis, as Schleicher et al. (2015) explain. A second formation hypothesis suggests a tertiary would have formed from the ejected envelope, but it is not clear that a brown dwarf could form in this way with an orbital eccentricity of 0.376(98). A further possibility which Schleicher et al. propose is a hybrid hypothesis in which a low-mass precursor is driven into an eccentric orbit by envelope ejection and accretes material from it. Such a hybrid tertiary body could be expected to accrete the mass of a brown dwarf and obtain, after envelope ejection, an orbital eccentricity in between that of a newly formed and surviving brown dwarf.
Note Added in Proof:
After the present paper was accepted for publication, we became aware of a more extensive study by Pulley et al. (2017) which appears to qualitatively confirm our (O-C) measurements for V470 Cam.
